Myogenic cell differentiation is induced by Arg 8 -vasopressin, whereas high cAMP levels and protein kinase A (PKA) activity inhibit myogenesis. We investigated the role of type 4 phosphodiesterase (PDE4) during L6-C5 myoblast differentiation. Selective PDE4 inhibition resulted in suppression of differentiation induced by vasopressin. PDE4 inhibition prevented vasopressininduced nuclear translocation of the muscle-specific transcription factor myogenin without affecting its overall expression level. The effects of PDE4 inhibition could be attributed to an increase of cAMP levels and PKA activity. RNase protection, reverse transcriptase PCR, immunoprecipitation, Western blot, and enzyme activity assays demonstrated that the PDE4D3 isoform is the major PDE4 expressed in L6-C5 myoblasts and myotubes, accounting for 75% of total cAMPhydrolyzing activity. Vasopressin cell stimulation caused a biphasic increase of PDE4 activity, which peaked at 2 and 15 min and remained elevated for 48 h. In the continuous presence of vasopressin, cAMP levels and PKA activity were lowered. PDE4D3 overexpression increased spontaneous and vasopressin-dependent differentiation of L6-C5 cells. These results show that PDE4D3 plays a key role in the control of cAMP levels and differentiation of L6-C5 cells. Through the modulation of PDE4 activity, vasopressin inhibits the cAMP signal transduction pathway, which regulates myogenesis possibly by controlling the subcellular localization of myogenin.
INTRODUCTION
During skeletal muscle development, cells of mesodermal origin become committed to the myogenic lineage, migrate toward their final destination, and become postmitotic (Cossu et al., 1996) . Myoblasts fuse into multinucleated myotubes and begin accumulating muscle-specific products (e.g., M-creatine kinase, myosin and other sarcomeric proteins, and acetylcholine receptor subunits; O'Neill and Stockdale 1972; Nadal-Ginard 1978) . This process is marked by the sequential expression of specific genes and requires an adequate level of functional muscle regulatory factors (myogenin, myoD, myf-5, and mrf-4) whose temporal expression pattern and relative role may vary among organisms and experimental models of myogenic differentiation (Braun et al., 1989; Ludolph and Konieczny 1995) .
Several cultured cell models allow the study of at least portions of the myogenic developmental process. Both in vivo and in culture, myogenic differentiation is under the influence of both inhibitory and stimulatory extracellular signals (Olson et al., 1986; Clegg et al., 1987; Florini et al., 1991) . Until recently, insulin-like growth factors (IGFs) were considered as the main myogenic differentiation factors (Florini 1987; Engert et al., 1996) . We reported that Arg 8 -vasopressin (AVP) also acts as a positive effector in several types of skeletal myogenic cells, including rat L6-C5 myoblasts (Nervi et al., 1995; Minotti et al., 1998) . Unlike IGFs, which ʈ Joint senior authors.
require the presence of other factors supplied by serum to express their full myogenic potential, AVP promotes myogenic differentiation in the absence of additional exogenous factors (Minotti et al., 1998) . AVP induces the activation of both phospholipase C and phospholipase D in L6-C5 myogenic cells. However, the concentrations of AVP required to induce myogenesis are compatible only with the activation of phospholipase D, whereas 100-fold higher AVP doses are required to trigger phospholipase C stimulation (Teti et al., 1993; Naro et al., 1997) .
It is well established that elevation of intracellular levels of the second messenger cAMP is sufficient to silence the myogenic program (Wahrman et al., 1973; Winter et al., 1993) . Elevated cAMP levels inhibit both the expression of endogenous myogenin and the transcriptional activity of a transfected myogenin promoter (Salminen et al., 1991) . Furthermore, overexpression of the catalytic subunit of protein kinase A (PKA) inhibits myogenic differentiation (Winter et al., 1993) . PKA has also been shown to phosphorylate overexpressed myogenin in COS-1 cells, although this phosphorylation did not affect the ability of myogenin to bind to DNA (Li et al., 1992) . Thus, although the exact mechanism is still unknown, cAMP and PKA exert a negative effect on myogenic cell differentiation.
The intracellular cAMP concentration is regulated at the synthesis level by adenylyl cyclase and at the hydrolysis level by phosphodiesterase (PDE) activity. Among the 10 families of PDEs described in mammalian tissues, the PDE4 family specifically hydrolyzes cAMP with high affinity Soderling et al., 1998) . This family includes a number of isoforms deriving from the expression of four genes in rat (Colicelli et al., 1989; Davis et al., 1989; Swinnen et al., 1989) and in human (Bolger et al., 1993) . These isoforms share the cAMP specificity and the sensitivity to inhibition by rolipram (Beavo, 1995; Conti et al., 1995) . In L6, as well as in other cell types, the expression of the PDE4D gene, one of the four genes encoding type 4 PDEs, is up-regulated by cAMP (Kovala et al., 1994; Conti et al., 1995; Vicini and Conti, 1997) . In addition to transcriptional regulation, it has been shown that one of the isoforms deriving from PDE4D gene expression, PDE4D3, is regulated by PKA-dependent phosphorylation (Sette et al., 1994a,c; Sette and Conti 1996) . The PDE4D3 isoform contains an amino-terminal regulatory region, which is absent in other isoforms derived from the same gene, and phosphorylation of serine 54 in this region relieves an inhibitory constraint and activates the enzyme (Sette and Conti 1996) . Activation of PDE4D3 is also obtained by interaction of this region of the enzyme with negatively charged phospholipids, such as phosphatidic acid (PA) (Némoz et al., 1997; Grange et al., 1998) . The transcriptional and posttranslational regulation of PDE4 activity has been proposed to play a role in short-and longterm desensitization to hormonal stimulation of target cells (Sette et al., 1994b; Vicini and Conti 1997 ) (reviewed by Conti et al., 1995) .
Although cAMP plays a negative role during myogenic differentiation, scarce information is available on the role of PDE activity in this process and its regulation by extracellular factors. To address this point, in the present study, we first investigated the effect of PDE4-specific inhibitors on L6-C5 cell differentiation and observed that inhibition of PDE4 strongly suppresses myogenesis. We characterized the PDE4 isoforms expressed in L6-C5 cells and showed that AVP stimulation modulates PDE4 activity. The observation that AVP markedly stimulates PDE4 and decreases cAMP levels and PKA activity in differentiating L6-C5 cells led us to hypothesize that PDE4 modulation plays a physiological role in myogenic differentiation.
MATERIALS AND METHODS

Materials
Synthetic AVP, snake venom from Crotalus atrox, Kemptide, PKA peptide inhibitor (PKI), a creatine kinase (CK) assay kit, and Tri reagent were purchased from Sigma (St. Louis, MO). Rolipram [(4,3-butoxy-4-methoxybenzyl 
Cell Culture
Subcloning and characterization of L6 (Yaffe 1968 ) rat myogenic cell clones were previously reported (Teti et al., 1993) . Cells of the subclone C5 (L6-C5), a clone that had shown significant differentiation ability (Nervi et al., 1995; Minotti et al., 1998) , were used throughout this study. The cells were routinely seeded at the density of 10,000/cm 2 in Dulbecco's modified Eagle's (DME) medium supplemented with 100 U/ml penicillin, 100 g/ml streptomycin, and 10% heat-inactivated FBS. Twenty-four hours after plating, cultures were extensively washed with DME medium and shifted to serum-free medium consisting of DME medium supplemented with 1% (wt/vol) fatty acid-free BSA with or without other additions. Full terminal myogenic differentiation was morphologically evaluated after 6 d by assessing the presence of multinucleated myotubes in May Grunwald-Giemsa-stained cultures.
CK Assay
After 7 d of culture, cells were washed with PBS and homogenized in 30 mM HEPES and 1 mM EDTA, pH 7.2. The 20,000 ϫ g supernatant was used to measure CK activity as previously described (Minotti et al., 1998) , and the pellet was used to measure total DNA content as previously reported (Nervi et al., 1995) .
Plasmid Construction
The pMYO184-luciferase plasmid was derived from the pMYO184CAT plasmid (Edmondson et al., 1992) . PCR-based strategy was used because of the absence of compatible restriction sites in pMYO184CAT and pGl2-Basic (Promega, Madison, WI) polylinkers. Briefly, the myogenin 184-bp fragment was obtained by PCR from the original plasmid using oligonucleotides containing the appropriate restriction sites. The PCR product was purified, digested, and subcloned in the pG12-Basic vector. The construct was analyzed by sequencing to avoid PCR-introduced mutations.
Transfections and Gene Reporter Assays
Transient cotransfections were performed by using Fugene 6 following the manufacturer's instructions, using 1 g of reporter construct DNA/plate and 0.3 g of cytomegalovirus plasmid (pCMV)-␤-galactosidase (␤-gal) to allow normalization. Seventy-two hours after transfection individual dishes were washed twice with PBS and then scraped in 1ϫ reporter lysis buffer (Promega). The cell lysates were centrifuged (16,000 ϫ g for 2 min) at 4°C, and the supernatants were assayed. Luciferase activity (Brasier et al., 1989) was assayed in duplicate by mixing 20 l of cell extract with 100 l of luciferase assay reagent (Promega). The produced light was measured and expressed as relative light units. ␤-Gal assay was performed in duplicate as previously described (Vicini and Conti 1997) .
Myogenin Expression and Translocation
For myogenin localization, monolayers of L6-C5 cells were fixed in 4% paraformaldehyde in PBS for 30 min at 4°C and permeabilized in 0.2% Triton X-100 in PBS for 30 min. Cells were washed with 1% BSA in PBS and incubated overnight at room temperature with the undiluted supernatant of F5D hybridoma cells. After extensive washing with 1% BSA in PBS, the cells were incubated for 1 h at room temperature with fluorescein-conjugated goat anti-mouse immunoglobulin G (Cappel, West Chester, PA; dilution, 1:50) (Cusella De Angelis et al., 1992) . The amount of myogenin expressed in L6-C5 cells was evaluated using F5D monoclonal antibody as primary antibody in Western blotting analysis performed as described below.
Myosin Expression and Quantification
A monoclonal antibody to the myosin heavy chain (MF20 antibody), which recognizes all sarcomeric myosin, was used (Bader et al., 1982) . Cells were fixed and treated as described above and incubated overnight with MF20 at 4°C. Secondary antibody conjugated to HRP (Bio-Rad) was added (final dilution 1:100), and the reaction was visualized using the diaminobenzidine substrate as previously reported (Minotti et al., 1998) . Myosin was quantified by indirect ELISA. Briefly, cells were solubilized in radioimmunoprecipitation assay buffer and centrifuged at 10,000 ϫ g for 10 min, and the supernatant was collected. Microtitration plates (96 wells; Falcon) were coated overnight at 37°C with either 50 l/well of different known amounts of bovine myosin dissolved in radioimmunoprecipitation assay buffer or 50 l of cell extract. The assay was carried out as previously described (Naro et al., 1991) using MF20 as the primary antibody (1:50 in PBS), and the peroxidase reaction was visualized by the Peroxidase Substrate System kit (Kirkegaard & Perry, Gaithersburg, MD) according to the manufacturer's procedure. Optical absorbance was read in a Benchmark microplate reader (Bio-Rad). Each determination was performed in triplicate.
RNase Protection Assay (RPA)
Run-off transcripts were synthesized from each linearized template as previously described (Vicini and Conti 1997) , using a Transcription In vitro System kit (Promega) and either T3 or T7 polymerase. The full-length single-stranded RNA probes were purified by PAGE. Poly(A) ϩ RNA was purified from L6-C5 cells using a Quick Prep mRNA purification kit (Amersham Pharmacia Biotech) according to the supplier's protocol. RPA was performed with RPA II kit (Ambion, Austin, TX) using 5 g of extracted mRNA and 1.5-2 ϫ 10 5 cpm of labeled probe for each reaction. Nuclease-resistant probes were visualized by gel electrophoresis (5% acrylamide, 8 M urea, 90 mM Tris-borate, and 2 mM EDTA) and autoradiography.
Reverse Transcriptase (RT)-PCR
RNA was prepared, using the Tri Reagent procedure as indicated by the manufacturer, from rat brain from L6-C5 myoblasts (cultured for 2 d in serum-free medium) and from L6-C5 myotubes (cultured for 6 d in serum-free medium and 0.1 M AVP). Five micrograms of RNA from each sample were reverse transcribed using Moloney murine leukemia virus RT and oligo-DT. The PCR reaction was carried out in a final volume of 50 l in buffer containing 1 l of RT reaction (equivalent to 1 g of total RNA), 200 M dNTPs, 1.5 mM MgCl 2 , a 0.5 M concentration of each primer, and 1 U of Taq-DNA polymerase. PCR conditions were 30 cycles, 94°C (45 s), 50°C (45 s), and 72°C (45 s). The following primers from the four different PDE4 genes were used to amplify cDNA fragments of rat brain or L6-C5 cDNA:
PDE4A gene: oligo A (5Ј-tcaacaccaattcggagctgg-3Ј), sense on rat PDE4A cDNA position 464 -484; and oligo B (5Ј-gtcttcaggtcagccaggagg-3Ј), antisense on rat PDE4A cDNA position 660 -680 (GenBank accession number M28411), expected amplified fragment size, 216 bp.
PDE4B gene: oligo C (5Ј-aggattctgaaggaccgg-3Ј), sense on rat PDE4B cDNA position 2085-2102; and oligo D (5Ј-agattatgtgtcgatcag-3Ј) antisense on rat PDE4B cDNA positon 2222-2239 (GenBank accession number L27058), expected amplified fragment size, 154 bp.
PDE4C gene: oligo E (5Ј-tcaacaccaattcggagctgg-3Ј), sense on rat PDE4C cDNA position 464 -484; and oligo F (5Ј-cagagtagttgtccaagagc-3Ј) antisense on rat PDE4C cDNA position 720 -739 (GenBank accession number M25347), expected amplified fragment size, 275 bp.
PDE4D gene: oligo G (5Ј-ggcttcatagactacattg-3Ј) sense on rat PDE4D cDNA position 1495-1513; and oligo H (5Ј-ttacactgttacgtgtcagg-3Ј) antisense on rat PDE4D cDNA position 1894 -1913 (GenBank accession number U09455), expected amplified fragment size, 418 bp. Rat brain cDNA amplification was used as a positive control for the detection of PDE4A, PDE4B, and PDE4D transcripts. Controls performed with brain and L6-C5 RNA processed in the absence of RT did not give rise to any amplification. The integrity of mRNA and equal cDNA loading in the PCR reactions was checked by quantification of ␤-actin mRNA levels in the samples. PCR products were analyzed on 2% agarose gels.
Immunoprecipitation of PDE4 from L6-C5 Cells
Subconfluent L6-C5 cell monolayers in 90-mm dishes were cultured for 48 h in serum-free medium. Cells were rinsed twice with ice-cold PBS, harvested in hypotonic homogenization buffer (20 mM Tris-Cl, pH 8.0, 10 mM NaF, 1 mM EDTA, 0.2 mM EGTA, 0.7 M 2-mercaptoethanol, 10 g/ml leupeptin, 10 g/ml aprotinin, and 10 g/ml pepstatin), and homogenized on ice. Soluble cell extracts were separated by centrifugation (15,000 ϫ g, 10 min at 4°C). For immunoprecipitation experiments, the anti-PDE4 antibodies used were K116, a rabbit polyclonal antibody raised against a peptide sequence conserved among the PDE4A, PDE4B, and PDE4D isoforms; Ac-55, a rabbit polyclonal antibody raised against a GST-PDE4A fusion protein; K118, a rabbit polyclonal antibody raised against a GST-PDE4B fusion protein; and M3S1, a monoclonal antibody raised against a GST-PDE4D fusion protein. The characterization of these antibodies was reported elsewhere (Sette et al., 1994a; Naro et al., 1996; Iona et al., 1998) . K116, Ac-55, and K118 (1:100 dilution) were preincubated for 60 min with protein A-Sepharose beads (Sigma), whereas M3S1 was preincubated for 60 min with protein G-Sepharose beads (Amersham Pharmacia Biotech). At the end of the incubation, the beads were washed once with 20 mM Tris-Cl, pH 7.8, containing 0.5 M NaCl, and twice with 20 mM Tris-Cl, pH 7.8, and then incubated for 90 min at 4°C with soluble L6-C5 cell extracts (1 mg of protein) under constant shaking. Protein A-or protein GSepharose-bound immunocomplexes were rinsed three times with PBS containing 0.05% BSA, and aliquots of the immunoprecipitates were assayed for PDE activity as described below. After two additional washes with PBS, immunocomplexes were eluted in SDS-PAGE sample buffer (62.5 mM Tris-Cl, pH 6.8, 10% glycerol, 2% 
Western Blot Analysis
Immunoprecipitated proteins and/or cell extracts were separated on 10% SDS-PAGE, transferred onto a nitrocellulose membrane (Amersham Pharmacia Biotech), and subjected to Western blot analysis with different antibodies as previously described (Iona et al., 1998) . Briefly, for the analysis of PDE4, the first antibody incubation (90 min at room temperature) was carried out with a 1:500 dilution of the rabbit polyclonal K116 antiserum; for myogenin determination, F5D hybridoma supernatant was used at a 1:50 dilution, for PKA c , PKA RI␣ , and PKA RII␣ ; antibodies were diluted at 1:250. Second antibody incubation was carried out with a 1:10,000 dilution of either anti-rabbit or anti-mouse immunoglobulin G antibody conjugated to HRP (Amersham Pharmacia Biotech). Immunostained bands were detected by the ECL method.
PKA Assay
Cells were washed twice with cold PBS, scraped in PBS, and pelleted by centrifugation for 5 min at 1000 rpm. Cell pellets from 60-mm plates were resuspended in 60 l of hypotonic buffer (20 mM Tris-Cl, pH 7.5, 2 mM EGTA, 0.5 g/ml leupeptin, 0.7 g/ml pepstatin, and 4 g/ml aprotinin) for 10 min at 4°C and centrifuged for 10 min at 15,000 ϫ g. Protein content of the supernatant was measured according to the method of Bradford (1976) . PKA activity was evaluated by measuring the incorporation of labeled phosphate from [␥- 32 P]ATP into the synthetic peptide substrate Kemptide. Reactions were carried out for 10 min at 30°C in 25 l of 100 mM Tris-Cl containing 20 mM MgCl 2 , 0.4 mM ATP, 10 Ci [␥-32 P]ATP, and 0.2 mM Kemptide, with or without either 5 g/ml PKI or 1 M cAMP, using 2-5 g of cell extracts. To stop the reaction, 20 l of reaction mixture were spotted onto 1-cm 2 phosphocellulose paper squares and immediately immersed in 0.1% (vol/vol) phosphoric acid. Paper squares were washed five times in the same solution, dried, and counted in a liquid scintillation counter. PKA activity was evaluated as the fraction of cAMP-dependent activity that was specifically inhibited by PKI.
cAMP PDE Assay
At the end of the treatment period, the cells were washed with cold PBS and scraped into 300 l of homogenization buffer (20 mM Tris-Cl, pH 8, 1 mM EDTA, 0.2 mM EGTA, 1.25 mM 2-mercaptoethanol, 50 mM benzamidine, 0.5 g/ml leupeptin, 0.7 g/ml pepstatin, 4 g/ml aprotinin, and 2 mM PMSF). Cells were homogenized and immediately assayed for PDE activity using 1 M cAMP as substrate, according to the method of Thompson et al. (1974) , as previously described. Samples were assayed in a final volume of 200 l of a solution composed of 40 mM Tris-Cl, pH 8, 1 mM MgCl 2 , 1.25 mM 2-mercaptoethanol, 1 M cAMP, 0.2 mg gelatin, and 0.1 Ci [ 3 H]cAMP. When appropriate, rolipram, a specific inhibitor of the cAMP-PDEs (Schwabe et al., 1976) , was added to the incubation mixture at a final concentration of 10 M. The samples were incubated at 34°C for 10 min, and the reaction was stopped by addition of 200 l of a solution containing 40 mM Tris-Cl, pH 7.5, and 10 mM EDTA, followed by heat denaturation for 50 s at 100°C. To convert AMP to adenosine, 50 g of C. atrox snake venom were added to each sample. The reaction was allowed to proceed for 20 min at 34°C. The reaction products were separated by anion exchange chromatography performed on 1 ml of AG1-X2 resin (as a 1:4 slurry in water), and the amount of unbound [ 3 H]adenosine was quantitated by scintillation counting.
cAMP Assay
Before harvesting, cells were washed twice with cold PBS, and 0.5 ml of ice-cold 10% trichloroacetic acid were added. Cells extracts were collected and centrifuged at 10,000 ϫ g for 15 min. Supernatants were extracted five times with diethyl ether to eliminate trichloroacetic acid. cAMP was assayed by RIA, according to the manufacturer's recommendations, using the acetylation procedure.
Statistical Analysis
Data are presented as average Ϯ SE or as otherwise indicated. Statistical analysis was performed by ANOVA.
RESULTS
PDE4 Inhibitors Suppress Myogenic Differentiation of L6-C5 Cells
Incubation of L6-C5 cells with AVP induced myogenic differentiation, as indicated morphologically by the formation of multinucleated myotubes (Figure 1, a and b ) and biochemically by an increase in the activity of the myogenic marker enzyme CK (Figure 2A ). Both AVP effects were completely suppressed by incubation of the cells with the PDE4-specific inhibitor rolipram (10 M) (Figures 1, c and d, and 2, A and B). The PDE5-specific inhibitor zaprinast (100 M) and the PDE3-specific inhibitor milrinone (1 M) had no significant effect on AVP-induced CK activity level (Figure 2A) . To rule out the possibility that the effect of rolipram is nonspecific, we used a structurally unrelated PDE4-specific inhibitor, RS 23544 (1 M) (Alvarez et al., 1995) . As shown for rolipram, RS 23544 completely suppressed the AVP-induced increase in CK activity ( Figure 2A ) and changes in cell morphology (our unpublished results). No toxic effects were evident with any of the treatments, and there was no significant difference in DNA and protein content between cells treated with the inhibitors and the respective controls. A dose-response study of the effect of rolipram showed that half-maximal inhibition of differentiation was achieved at 10 nM rolipram ( Figure 2B ), a concentration compatible with that necessary to inhibit the PDE4 activity. The ability of PDE4 inhibitors to suppress AVPinduced differentiation is due to an increase in intracellular cAMP levels, because incubation of L6-C5 cells with 8-bromo-cAMP (8-Br-cAMP), a cell-permeable cAMP analogue that is slowly hydrolyzed by PDE, almost suppressed morphological changes and strongly reduced the increase in CK after AVP treatment (Figures 1, e and f, and 2A) . Furthermore, incubation of the cells with 10 M rolipram induced a sixfold increase in cAMP (control cells, 3.8 Ϯ 0.18 pmol of cAMP/mg of protein; rolipram-treated cells, 23.6 Ϯ 3.2 pmol of cAMP/mg of protein; n ϭ 6; p Ͻ 0.001) and a significant increase in PKA activity (expressed as ϪcAMP:ϩcAMP specific activity ratio: control cells, 0.128 Ϯ 0.012; rolipramtreated cells, 0.22 Ϯ 0.019; n ϭ 6; p Ͻ 0.01) after 48 h of treatment.
Rolipram Blocks AVP-induced Nuclear Translocation of Myogenin
An early event accompanying L6-C5 cell differentiation is the expression of the transcription factor myogenin and its nuclear accumulation. Immunofluorescence analysis of myogenin indicated that 48 h AVP treatment of L6-C5 cells induced nuclear accumulation of the protein ( Figure 3A) , as previously reported (Minotti et al., 1998) . Incubation of the cells with the PDE4 inhibitor rolipram completely prevented AVP-induced nuclear accumulation of myogenin ( Figure  3A ). To determine whether the lack of fluorescent staining of myogenin in the nuclei of rolipram-treated cells resulted from a decrease in myogenin expression or, rather, reflected an inhibition of the translocation process, myogenin expression was evaluated. L6-C5 cells were transfected with pMYO184-luciferase, in which the reporter gene expression is driven by the myogenin promoter, and induced to differentiate for 48 h with AVP in the absence or presence of 10 M rolipram. As shown in Figure 3B , rolipram did not significantly modify AVP-stimulated luciferase activity. This result was confirmed at the level of protein expression by Western blot analysis: the amount of myogenin was increased by 48 h of AVP stimulation, but it was not modified by rolipram treatment of the cells ( Figure 3C ). These data indicate that PDE4 inhibition does not influence the level of expression of myogenin but, rather, affects the nuclear translocation of the transcription factor.
Type 4 PDE Expression in L6-C5 Cells
To investigate which PDE4 isoforms are present in L6-C5 myogenic cells, we used different approaches. First, by using the specific PDE4 inhibitor rolipram, it was assessed that 76 Ϯ 4% (n ϭ 3) of the total cAMP-PDE activity was attributable to type 4 enzymes. The cytosolic fraction obtained after homogenization of L6-C5 cells retained most of the PDE activity (80 Ϯ 5%; n ϭ 3). The cytosolic cAMP-PDE activity was mainly due to type 4 PDEs, because rolipram inhibited it by 82 Ϯ 3% (n ϭ 3).
To determine which genes and isoforms are expressed in L6-C5 cells, a panel of probes corresponding to three of the four different PDE4 genes (PDE4A, PDE4B, and PDE4D) was used in RPA experiments. A first set of riboprobes was complementary to the sequence encoding the catalytic region of each isoform, which is conserved in all variants deriving from a given gene. As shown in Figure 4A , only the PDE4D gene was expressed in L6-C5 cells, whereas PDE4A and PDE4B transcripts were not present. Because it has been previously shown that at least five transcripts are encoded by the PDE4D gene in different rat cell types (Sette et al., 1994b,c; Vicini and Conti Jin et al., 1998) , we investigated which PDE4D isoforms are expressed in L6-C5 myoblasts. For this purpose, two probes that are complementary to the unique 5Ј ends of the PDE4D1/2 and PDE4D3/4 isoforms, respectively, were used. Figure 4B shows that only PDE4D3 and/or PDE4D4 mRNA are expressed. An identical pattern of PDE4D expression was observed in both myoblasts (cultured in serum-free medium) and myotubes (cultured in serum-free medium and 0.1 M AVP) ( Figure 4B ), suggesting that no other PDE4D isoform is expressed during cell differentiation. These data were confirmed by RT-PCR experiments using specific primer pairs allowing the selective amplification of sequences of the transcripts originating from the expression of each of the four PDE4 genes. Only the presence of PDE4D gene transcripts could be detected in L6-C5 myoblasts as well as in AVP-differentiated myotubes (our unpublished results).
To confirm at the level of protein expression the data obtained with RPA analysis of PDE4 mRNAs and RT-PCR, we used different anti-PDE4 antibodies in immunoprecipitation and immunoblotting experiments. The nonisoform-selective antiserum K116, which recognizes all PDE4 isoforms (Sette et al., 1994a) , immunoprecipitated 66% of total cytosolic cAMP-PDE activity (corresponding to ϳ80% of rolipram-sensitive PDE activity; Figure 5A ). However, among the isoform-selective antibodies used (Sette et al., 1994a) , only the anti-PDE4D M3S1 antibody (which recognizes all the PDE variants originating from the expression of gene PDE4D) was able to immunoprecipitate a significant amount of cAMP-PDE activity (ϳ30% of total and 40% of rolipram-sensitive cAMP-PDE activity), whereas neither the anti-PDE4A Ac-55 antiserum nor the anti-PDE4B K118 antibody immunoprecipitated significant amounts of PDE activity ( Figure 5A ). Western blot analysis of the immunopellets with the K116 antibody showed the presence of a single protein, with an apparent molecular mass of 93 kDa, immunoprecipitated with M3S1 ( Figure 5B ). The 93-kDa protein migrated at the same level as a recombinant PDE4D3 isoform expressed in 293 cells ( Figure 5B ). Neither a 67-nor a 74-kDa band was observed, confirming the lack of expression of PDE4D2 and PDE4D1 at the protein level. The 93-kDa band was not detected when the K118 or Ac-55 immunopellets were analyzed (our unpublished results). These data strongly support the conclusion that the major PDE4 protein present in L6-C5 myoblasts is the PDE4D3 isoform.
PDE4 Activity Is Stimulated after AVP Treatment
The strong inhibition of differentiation elicited by PDE4 inhibitors suggests that the PDE4D3 isoform plays a key role in the control of cAMP levels in L6-C5 cells. We therefore evaluated the hypothesis that AVP-induced differentiation is accompanied by changes in PDE4 activity. AVP treatment of L6-C5 cells induced a biphasic increase of total cAMP-PDE activity: a first transient peak occurred after 2 min of stimulation, followed by a slower increase reaching a maximum after 15 min. Activity remained significantly elevated even after 48 h from AVP addition ( Figure 6, A and inset) . The AVP-induced PDE activation was restricted to the type 4 component of activity, because no significant change in activity was observed after AVP treatment when PDE was assayed in the presence of roli- The experiment was performed with either a probe recognizing a region common to all PDE4D transcripts (a) or a mixture of probes recognizing, respectively, the 5Ј end of PDE4D1 and PDE4D2 transcripts (expected sizes of protected fragments, respectively, 293 and 170 bp) (b) and the 5Ј end of PDE4D3 and PDE4D4 transcripts (size of protected fragment, 350 bp) (c). The size of the major band indicates that a fragment corresponding to PDE4D3/4 was protected, whereas no band corresponding to the size of the PDE4D1/ 2-specific probe could be detected.
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Vol. 10, December 1999pram (our unpublished results). Conversely, when the rolipram-sensitive fraction of PDE activity was considered, AVP-induced stimulation was more pronounced and clearly showed a biphasic pattern, with 90% increase at 2 min and 110% increase at 15 min of treatment ( Figure  6B ). Both phases of PDE activation were dependent on AVP concentration: the early phase (2 min of stimulation) showed a maximal response at 10 nM AVP and an EC 50 of 2.5 nM; the later phase (15 min of stimulation) showed a maximal response at 100 nM AVP and an EC 50 of 3.6 nM ( Figure 7, A and B) .
Interestingly IGF1, which is unable by itself to induce differentiation in L6-C5 cells in serum-free medium (Minotti et al., 1998) , did not induce modifications of PDE activity for up to 60 min of stimulation ( Figure 6A ). Immunopellet of the L6-C5 cell soluble fraction precipitated with M3S1 antibody was subjected to Western blot analysis, using K116 antiserum for the immunodetection of blots. For comparison, recombinant PDE4D3 protein obtained in 293 cells as previously described (Sette et al., 1994c) was analyzed, in parallel with an extract of mock-transfected 293 cells. (1 nM), or saline (control) was added at time 0 to L6-C5 myoblasts, which had been cultured for 2 d in serum-free medium. Cells were harvested at the indicated times (an extended time course up to 48 h is shown in the inset), and immediately homogenized and assayed for total cAMP-PDE activity. Data are means Ϯ SEM for nine or more samples in at least five different experiments for AVP (F) and five or more samples in three different experiments for IGF1 treatment (OE). (B) Effect of AVP treatment on PDE4 activity of L6-C5 cells. Cells were treated with 1 M AVP ([F) or left untreated (E) for the indicated times. They were then rapidly homogenized and assayed for cAMP-PDE activity, in the presence and absence of 10 M rolipram. PDE4 activity was evaluated as the rolipram-inhibited fraction of PDE activity. Data are means Ϯ SEM for n ϭ 5-7 samples from four different experiments. *, Significance at p Ͻ 0.05; **, p Ͻ 0.02; ***, p Ͻ 0.01.
cAMP Level and PKA Activity Decrease under AVP Treatment
To evaluate the physiological consequences of PDE activation induced by AVP treatment of L6-C5 cells, we measured cAMP level and PKA activity at different times after hormone addition. AVP treatment induced a reduction in cAMP concentration, which was maximal at 24 h ( Figure 8A ). AVP also induced a significant decrease in PKA activity ratio, which was evident after 3 h of hormonal stimulation and continued up to 48 h after the onset of treatment ( Figure 8B ). Addition of 10 M rolipram to the cell culture medium totally prevented the AVPdependent decrease of PKA activity (our unpublished results). The PKA activity ratio decrease was not related to modifications in PKA protein levels, as assessed by Western blot analysis of the expression of the catalytic and regulatory subunits RI␣ and RII␣ ( Figure 8C) , and can thus be attributed to decreased cAMP availability. Such decreases in cAMP concentration and PKA activity are consistent with the observation of an elevated capacity of myoblasts to hydrolyze cAMP after AVP stimulation and could be part of the mechanism that leads to myoblast differentiation.
By contrast, treatment of L6-C5 cells with IGF1, which does not increase PDE4 activity, induced no significant change in either cAMP levels or PKA activity (Figure 8, A and B) .
Effect of PDE4D3 Overexpression on L6-C5 Cell Differentiation
To confirm whether the increase in PDE4D3 activity is involved in the differentiation process, this enzyme was overexpressed by transient transfection in L6-C5 myoblasts, and the expression of both myogenin (a muscle-specific transcription factor whose nuclear accumulation represents an early marker of myogenic differentiation) and sarcomeric myosin (a marker of terminal myogenic differentiation) was times, and all the samples (control and AVP treated) were harvested and assayed at the same time, i.e., 2 d after shifting to serum-free medium. cAMP was measured as described in MATERIALS AND METHODS. Results are the means Ϯ SEM of at least three independent measurements performed in triplicate. *, Significance at p Ͻ 0.05; ***, p Ͻ 0.01. (B) PKA activity was measured after incubation of the cells as described above. PKA assays were conducted on cell soluble extracts prepared as detailed in MATERIALS AND METHODS. Results are the means Ϯ SEM of six measurements performed in three different experiments for AVP and four measurements in two different experiments for IGF1. *, Significance at p Ͻ 0.05; **, p Ͻ 0.02; ***, p Ͻ 0.01. (C) PKA catalytic subunit (40 kDa) and regulatory subunit RI␣ and RII␣ (49 and 51 kDa, respectively) expression was evaluated on cells treated as described above. Cell samples were prepared by adding directly concentrated sample buffer to 10-cm dishes. Western blot analysis was carried out using specific mAbs for the immunodetection of blots. Total protein concentrations were determined by Bradford (1976) protein assay, and well loading was normalized. (Table 1) . In this case, too, overexpression of PDE4D3 induced a higher expression of the differentiation marker in both AVP-treated and untreated cells ( Figure 9B and Table 1 ).
DISCUSSION
This work demonstrates that type 4 PDEs play a role in the control of myogenic differentiation of L6-C5 myoblasts. We show that selective inhibition of PDE4 enzymes by two specific, structurally unrelated inhibitors, namely rolipram (Schwabe et al., 1976) and RS 23544 (Alvarez et al., 1995) , suppresses differentiation induced by AVP in these cells. Indeed, it prevents translocation of the muscle-specific transcription factor myogenin to the nucleus, the formation of myotubes, and ultimately the expression of the terminal differentiation marker CK. We also demonstrate that AVP stimulation of L6-C5 cells leads to activation of PDE4 and a decrease of cAMP level and PKA activity. Because PKA activation is considered a negative signal for myoblast differentiation, our data suggest that AVP-dependent downregulation of PKA activity allows the full expression of the myogenic program in L6-C5 cells. The importance of the role played by PDE4 in the control of myogenic differentiation is further supported by experiments showing that overexpression of the PDE4D3 isoform in L6-C5 cells increased their differentiation (both spontaneous and AVP induced), as evaluated by means of markers of both early phases of differentiation (nuclear accumulation of myogenin), and terminal differentiation (myotube formation and myosin expression).
The ability of PDE4 inhibitors to completely prevent differentiation can be ascribed to increased cAMP intracellular levels and PKA activation, because the PDE4-specific inhibitor rolipram induced a large increase of endogenous cAMP levels together with PKA activation in the absence of stimulation of adenylyl cyclase. Furthermore, addition of a cAMP cell-permeable analogue, 8-Br-cAMP, which is slowly hydrolyzed by PDEs, partially reproduced the inhibition of differentiation. The negative regulation of myogenic differentiation by cAMP and PKA has been previously established in several cellular models, including L6 cells, induced to differentiate by reducing the serum concentration of the culture medium, or by adding insulin (Wahrman et al., 1973; Hu and Olson 1988; Salminen et al., 1991; Winter et al., 1993) . The present results allow extension of this concept to the model of AVP-induced myogenic differentiation. We have previously shown that AVP induction of myogenesis in L6-C5 cells is related to an accumulation of the muscle Figure 9 . Effect of PDE4D3 overexpression on L6-C5 cell differentiation. L6-C5 myoblasts were transiently transfected in suspension by using Fugene 6 with 1 g of pCMV5 expression vector containing rat PDE4D3 cDNA (Sette et al., 1994c) or the empty vector and plated in 10% FCS-containing medium. After 24 h, the medium was replaced by serum-free medium with or without addition of 0. transcription factor myogenin in the cell nucleus (Minotti et al., 1998) . We now observe that, in the presence of rolipram, myogenin is not detectable in myoblast nuclei, although AVP treatment increases the amount of myogenin. This result suggests that the cAMP signal transduction pathway controls the subcellular localization of myogenin. No information is available yet about the mechanism by which cAMP regulates myogenin import, although phosphorylation steps may conceivably be involved. Nuclear myogenin import could be an important control point in regulating myogenic differentiation.
Our results highlight the importance of the function of type 4 PDEs in the regulation of cAMP levels during L6-C5 myoblast differentiation. Indeed, inhibitors specific for other classes of PDEs, milrinone and zaprinast (which respectively inhibit type 3 and type 5 PDEs), were devoid of inhibitory effects. It is thus conceivable that in L6-C5 cells a functional pool of cAMP under the sole control of PDE4 is able to modulate the differentiative response. Both rolipram and RS 23544 appear as very potent inhibitors of AVP-induced myogenic differentiation. Half-maximal inhibition of differentiation, as evaluated by CK activity, was achieved at a rolipram concentration of 10 nM. This can be ascribed to an effect of the drug directed to PDE4 species present under a "high affinity rolipram state" (Huston et al., 1996; Sette and Conti 1996) sensitive to nanomolar concentrations of rolipram (reviewed by Souness and Rao 1997; Houslay et al., 1998) .
Identification of type 4 PDE expressed in L6-C5 cells by RPA, RT-PCR, immunoprecipitation, and Western blot analysis with isoform-selective anti-PDE4 antibodies led to the conclusion that only the PDE4D gene is expressed in these cells, confirming previous observations based only on RT-PCR data (Kovala et al., 1994) . Furthermore, we found that the PDE4D3 isoform, one of the five variants encoded by the PDE4D gene (Sette et al., 1994c; Bolger et al., 1997) , is the major isoform present in these cells. This result is only apparently in contrast with the observation made by others that PDE4D1 mRNA is the major species expressed in L6 myoblasts. The latter data were obtained after a prolonged pharmacological treatment of the cells by cAMP-elevating agents (Kovala et al., 1994) . Because it is well established that the PDE4D1 and PDE4D2 isoforms, but not the PDE4D3 isoform, are up-regulated by cAMP at the transcriptional level in different cell types (Sette et al., 1994b,c; Vicini and Conti 1997) , we can infer that the major type 4 PDE in the absence of a cAMP-elevating pharmacological treatment is the PDE4D3 isoform in undifferentiated myoblasts as well as in differentiated myotubes ( Figure 4B ).
L6-C5 myoblasts only express the V1 receptors for AVP, which have no direct relationships with adenylyl cyclase regulation (Wakelam et al., 1987) but trigger the activation of phospholipases C and D (Naro et al., 1997) . AVP seems to modulate cAMP levels and PKA activity in these cells by modifying cAMP hydrolysis rather than by acting on cAMP synthesis. Indeed two phases of PDE activation were apparent in response to AVP addition: a fast activation, which peaked at 2 min, and a slower activation, which peaked at 15 min and was significantly maintained even after 48 h of hormonal treatment. That the AVP-induced PKA activity decrease is mainly dependent on PDE4 activation and unrelated to changes in adenylyl cyclase activity is confirmed by the observation that rolipram, when added to the culture medium, totally suppressed the kinase activity reduction (our unpublished results).
In addition to PKA-dependent phosphorylation (Sette et al., 1994b; Sette and Conti 1996) , PDE4D3 is specifically activated by PA, the product of phospholipase D action, in a cell-free system (Némoz et al., 1997; Grange et al., 1998) . Both phospholipid binding and PKA phosphorylation sites reside in the same amino-terminal region, because isoforms lacking this region, such as PDE4D1 and PDE4D2, are not activated by PKA phosphorylation or by phospholipid interaction (Sette et al., 1994b; Némoz et al., 1997) . Because phospholipase D activation is a primary signaling event triggered by AVP in L6-C5 cells (Naro et al., 1997) , the possibility exists that PDE4D3 is stimulated by PA, which rapidly accumulates in the cells under AVP stimulation. Thus both PAinduced stimulation and phosphorylation processes might be responsible for the increase in PDE4 activity observed in L6-C5 cells. The EC 50 value observed for the first phase of AVP-induced PDE stimulation (2.5 nM) is compatible with the 0.4 nM EC 50 previously reported for AVP activation of phospholipase D (Naro et al., 1997) , suggesting that the rapid PDE stimulation could be linked to phospholipase D activation and production of PA. Furthermore, the kinetics of PA production by AVP-stimulated L6-C5 cells are in agreement with this hypothesis, because the PA level reaches its maximum by 1 min (Naro et al., 1997) . Experiments are in progress to more clearly define the mechanism(s) involved.
In view of the profound effect of PDE4 inhibition on the differentiation process, it can be postulated that an increase in PDE4 activity plays a physiological role in lowering the intracellular cAMP concentration, thus preventing inhibition of the myogenic program by cAMP. The sustained decrease in both cAMP level and PKA activity that we observed in AVP-treated myoblasts supports this hypothesis. Furthermore, the observation that overexpression of the type 4 PDE isoform PDE4D3 could positively influence myogenic differentiation provides confirmation of this model. Thus, PDE4 activation appears an essential step in myogenesis, and the lack of effect of IGF1 in inducing terminal myogenic differentiation in the absence of serum or AVP (Minotti et al., 1998) may be attributed to its inability to induce stimulation of PDE4 activity. This supports the conclusion that cAMP levels must be tightly controlled during myogenesis and that PDE4 plays a key role in such control. 
